Abstract We have retrieved the latitudinal and vertical structures of the 11 year solar cycle modulation on ionospheric electron density using 14 years of satellite-based radio occultation measurements utilizing the Global Positioning System. The densities at the crests of the equatorial ionization anomaly (EIA) in the subtropics near 300 km in 2003 and 2014 (high solar activity with solar 10.7 cm flux, F 10.7 ≈ 140 solar flux unit (sfu)) were 3 times higher than that in 2009 (low solar activity F 10.7 ≈ 70 sfu). The higher density is attributed to the elevated solar extreme ultraviolet and geomagnetic activity during high solar activity periods. The location of the EIA crests moved~50 km upward and~10°poleward, because of the enhanced E × B force. The EIA in the northern hemisphere was more pronounced than that in the southern hemisphere. This interhemispheric asymmetry is consistent with the effect of enhanced transequatorial neutral wind. The above observations were reproduced qualitatively by the two benchmark runs of the Thermosphere-Ionosphere-Electrodynamics General Circulation Model. In addition, we have studied the impact of the 11 year solar cycle on the 27 day solar cycle response of the ionospheric electron density. Beside the expected modulation on the amplitude of the 27 day solar variation due to the 11 year solar cycle, we find that the altitude of the maximal 27 day solar response is unexpectedly~50 km higher than that of the 11 year solar response. This is the first time that a vertical dependence of the solar responses on different time scales is reported.
Introduction
Ionospheric electrons are produced from ionization of molecules and atoms by solar extreme ultraviolet (EUV) (above 100 km) and X-ray (below 100 km). Large changes in solar radiation and geomagnetic activity affect the production of free electrons in the ionosphere (60-2000 km) (Baron et al., 1983; Forbes et al., 2000; Rishbeth & Mendillo, 2001 ), leading to significant impacts on, for example, civil radio communication (Kutiev et al., 2012; Wells, 1943) and satellite orbital stability (Walterscheid, 1989) . Solar-induced variations in the ionospheric electron density have been monitored routinely (Afraimovich et al., 2008; Appleton & Naismith, 1940; Baron et al., 1983; Bartels, 1950; Handzo et al., 2014; Huang et al., 2015; Lei et al., 2008; Liang et al., 2008; Ma et al., 2012; Munro, 1962; Pedatella et al., 2010) and incorporated in ionospheric models for space weather forecasts (Bilitza et al., 2011; Hochegger et al., 2000; Jakowski et al., 2011; Scherliess et al., 2004; Wang et al., 2016; Yue et al., 2012) .
One pronounced effect of the solar cycle influence in ionospheric electron density is the equatorial ionization anomaly (EIA) (Appleton, 1946; Namba & Maeday, 1939) . The EIA is a feature of the nonuniform latitudinal distribution in ionospheric electron density, exhibiting two crests at magnetic latitudes around 15°north/south and a trough at the magnetic dip equator. The EIA is a result of the fountain effect, where ionized particles at low altitudes in the ionosphere away from the magnetic equator are uplifted by the E × B dynamo electric field (Bramley & Peart, 1965; Duncan, 1960; Fejer, 1964; Hanson & Moffett, 1966; Martyn, 1955; Rishbeth, 1997) and then diffuse downward and poleward along the geomagnetic lines (Kendall, 1962; Mitra, 1946) . The location and magnitude of the EIA subtropical crests may also be affected by the transequatorial neutral wind (Balan et al., 2013; Hanson & Moffett, 1966; Nanan et al., 2012) . We refer to, for example, Rishbeth (2000) for a historical review of the EIA.
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Previous studies have reported the solar influence on the total electron content (TEC) (e.g., see Alizadeh et al., 2011; Araujo-Pradere et al., 2011; Bergeot et al., 2013; Garner et al., 2008; Huang & Cheng, 1996; Ikubanni & Adeniyi, 2017; Kumar et al., 2014 Kumar et al., , 2016 . For example, Huang and Cheng (1996) studied the variations of TEC over Taiwan and showed a clear correlation between the 11 year solar cycle and the TEC: the TEC at the EIA crests increased from~0.4 TEC unit (TECU, 1 TECU = 1 × 10 16 el m À2 ) during the solar minimum in 1986 to~1 TECU during the solar maximum in 1990. They also showed in their Figure 3 that the latitude of the EIA crest (hereafter denoted by θ m F 2 ) during solar maximum moved~1.5°poleward relative to that during solar minimum, although they noted that the uncertainty of θ m F 2 was too large to establish the statistical significance of such a poleward movement. Kumar et al. (2014) also found an EIA movement by 4°poleward over India. So far, there has not been any detailed modeling study of the solar cycle-induced EIA poleward movement.
The EIA exhibits interhemispheric asymmetry (Vila, 1971) . Mikhailov and Perrone (2015) show that the increase of EUV in January due to the decrease of the Sun-Earth distance at the perihelion results in 20% higher electron density in the northern EIA crest than in the southern EIA crest. In addition, the transequatorial neutral wind from the summer hemisphere to the winter hemisphere increases the electron density at the crest of the winter hemisphere (Lin et al., 2005) . On decadal time scales, Luan et al. (2015) showed that the winter hemispheric EIA crest is further enhanced during the 2012 high solar activity period (see their Figure 5 ). A magnified EIA interhemispheric asymmetry due to the geomagnetic storm was also evident in Lin et al.'s (2005) simulation.
We note that previous studies mostly focus on either the TEC (e.g., see Huang & Cheng, 1996; Kumar et al., 2014 Kumar et al., , 2016 or the density at the crests (denoted by N m F 2 in the literature) (e.g., see Chen & Liu, 2010; Liu et al., 2006) . For example, Luan et al. (2015) studied the interannual variability induced by the 11 year solar cycle using the Global Positioning System (GPS) measurements derived from the joint Taiwan-U.S. Formosa Satellite Mission-3/Constellation Observing System for Meteorology, Ionosphere and Climate (FORMOSAT-3/COSMIC). However, they limited their study to quantities such as N m F 2 and the altitude of the crests (denoted by h m F 2 in the literature). To our knowledge, there have not been studies focusing on the global structures of the 11 year solar cycle response in the ionospheric electron density.
Our purpose here is to report the latitudinal-vertical two-dimensional (2-D) structure of the 11 year solar cycle response in the ionosphere using the electron density retrieved from GPS radio occultation (RO). This satellite-based data set allows us to reexamine the EIA variations (such as poleward movements of the EIA crests and the EIA interhemispheric asymmetry) that were previously reported from ground-based and ionosonde observations. We will also extend the work of Liang et al. (2008) to examine the 2-D structure of the 27 day solar cycle response. Compared to previous studies, we simplify the analysis with annual and zonal averages to effectively remove the strong seasonal and diurnal dependence of the 11 year solar response, as well as the zonal variations due to atmospheric tides and planetary waves (see more discussions in section 2). Finally, two benchmark runs of the Thermosphere Ionosphere Electrodynamic General Circulation Model (TIE-GCM) at solar maximum and minimum conditions will be used to provide a brief assessment of the direct solar forcing on the response of the ionospheric electron density.
We organize the paper as follows: section 2 describes the satellite data used. Section 3 discusses the vertical structures of the 11 year and 27 day solar cycle responses. We summarize our findings in section 4.
Data
The ionospheric electron density was retrieved by the Abel transform of the measured delay of GPS RO signals (Jakowski et al., 2007; Pedatella et al., 2015; Shaikh et al., 2014; Yue et al., 2014) . We use three GPS RO measurements: Germany's Challenging Mini-satellite Payload (CHAMP) (Yue et al., 2011) , United States' Gravity Recovery and Climate Experiment (GRACE) (Tapley et al., 2004) , and the FORMOSAT-3/COSMIC (Syndergaard et al., 2006) .
CHAMP, a single-satellite mission, was launched in 2000 into a near-polar orbit at 454 km and slowly descended to 300 km near the end of the mission in 2010 (Yue et al., 2011) . On average, 80-90 vertical electron density profiles above 100 km were retrieved daily from the CHAMP. GRACE, in a near-polar orbit, also provided RO data for ionospheric electron density retrieval (Tapley et al., 2004) . Another data set of GRACE electron density profiles retrieved using microwave measurements between the twin instruments (Xiong et al., 2010) is not used in this study. FORMOSAT-3/COSMIC (Syndergaard et al., 2006) consists of six microsatellites, which were launched in 2006 into 72°orbits at 512 km. About 1,000-1,500 vertical electron density profiles between 100 km and 500 km were retrieved daily from the FORMOSAT-3/COSMIC measurements. Overall, the number of daily retrievals provided by FORMOSAT-3/COSMIC is a factor of~10 times more than those by CHAMP and GRACE.
All the RO data used in this work are obtained from http://www.cosmic.ucar.edu/. For consistency and longterm data integrity and stability, postprocessed swath data products "ionprf" from the National 2006-2014 and 2014-2016) . In total,~5 million occultation profiles are analyzed in this study. Below, we focus on the 27 day and 11 year solar responses in the ionosphere using these RO data sets.
The 11 year solar cycle may indirectly affect the ionospheric electron density distribution through modulation of atmospheric tides. Nonmigrating tides (relative to the Earth), resulting from longitudinally asymmetric surface topography, create diurnal tides at low-and middle-latitudes in the ionosphere . The amplitudes of these tides are larger during solar maximum (Jones et al., 2013) than at solar minimum, but the normalized amplitudes relative to the zonal mean remain unchanged (Zhou et al., 2016) , suggesting that the solar cycle effect in the ionosphere can be studied effectively using the zonal mean. To simplify our analysis, we zonally and diurnally average the CHAMP, GRACE, and FORMOSAT-3/COSMIC data to extract the effects of the 11 year solar cycle; the longitudinal dependence of the solar modulation will not be studied in the work. The zonal and daily averaging also helps remove the diurnal and semidiurnal tides associated with seasonal cycles and the El Niño-Southern oscillation (Pedatella & Liu, 2013) . The electron density profiles are averaged diurnally and zonally into 36 latitude bins (2°wide) pole-to-pole, with latitude grids centering at 89°S, 87°S, …, 89°N. The data are further averaged vertically into 41 layers (10 km thick) from 100 km to 510 km, with vertical grids centering at 105 km, 115 km, ..., 505 km. In this vertical range, the signal is significantly greater than noise level (Anthes et al., 2008; Schreiner et al., 2007) .
As an application, we compare the observed 11 year solar cycle responses with the TIE-GCM modeled response (Dickinson et al., 1981 (Dickinson et al., , 1984 Roble et al., 1988; Solomon & Qian, 2005; Solomon et al., 2013) . The TIE-GCM version 2.0 and its benchmark runs were obtained from http://www.hao.ucar.edu/modeling/tgcm/. This model at 2.5°resolution provides two benchmark runs at solar maximum and minimum conditions corresponding to the 10.7 cm radio fluxes, F 10.7 , 200 sfu and 70 sfu, respectively (1 sfu = 10 À22 W m À2 Hz
À1
). The bottom and top levels in the model are 5.48 × 10 À4 hPa and 4.56 × 10 À10 hPa. Since the observed electron density is specified on geometric altitudes, the TIE-GCM pressure levels are converted to geometric altitudes before the comparison. We note that quantitative differences between observations and the TIE-GCM benchmark runs presented below may be partially attributed to the bias of the model setups, such as the solar forcing (Table 1 ) and the lower boundary conditions. The latter may lead to different dynamical responses in the ionosphere: Jones et al. (2016) showed that the dissipation of upward propagating tides originated from the model lower boundary induced~30% and~10% reduction in N m F 2 during high and low solar activity periods, respectively. Despite these biases, we show that the comparison of the observations with the benchmark runs still provides useful insights into the EIA and solar cycle dependence of ionospheric electron densities. 3. Results The TIE-GCM benchmark runs are plotted for comparison. The maximum electron density of the solar minimum run agrees well with the observations. In the solar maximum run, the maximum electron density N m F 2 is 40% more than the observed in 2003 by CHAMP and in 2014 by GRACE and COSMIC. This can be explained by the fact that the input F 10.7 value in the TIE-GCM benchmark run is 50% greater than the reported F 10.7 for 2003 and 2014. The altitude of the maximum electron density for the solar maximum run is also higher at~410 km. These benchmark runs demonstrate a dominant role of the direct solar forcing to the decadal variability in the ionospheric electron density, consistent with the conclusion arrived by, for example, Solomon et al., (2013) . A more sophisticated and quantitative assessment requires a dedicated modeling performed with realistic boundary and forcing conditions (e.g., see Jones et al., 2016) , which is beyond the scope of the current work. ) of the solar maximum run at 405 km where the electron density maximizes, rather than 305 km, is shown.
Tropical Averages

Latitudinal Patterns
Next we compare the latitudinal patterns of the observed and modeled electron densities during the high and low solar activity periods defined in Table 1 (Figure 3 ). To account for the difference in the F 10.7 values during the years when the observations were taken and the value used in the model, we scale the electron density of the TIE-GCM run at the solar (Balan et al., 1993) , beyond which the linearity assumption no longer holds. The F 10.7 value (200 sfu) used in the TIE-GCM solar maximum run is at the upper limit of the linearity, and we assume that the saturation effect is negligible at this F 10.7 value. Moreover, because the rate coefficients for photodissociation and photoionization are parameterized linearly with F 10.7 (Solomon & Qian, 2005) , we do not expect the saturation effect to be significant in the model (see also Balan et al., 1993 for a discussion on the relationship between the solar F 10.7 and EUV fluxes).
One prominent pattern in Figure 3 is the presence of EIA, in which the electron densities at the crests vary with the solar activity. During the low solar activity period (Figures 3a-3d ), the maximum electron density of GRACE, FORMOSAT-3/COSMIC, or TIE-GCM is 0.3-0.4 × 10 12 el m À3 at the northern EIA crest; CHAMP gives 0.4-0.5 × 10 12 el m À3 . During the high solar activity period (Figures 3e-3h ), the maximum value derived from CHAMP, GRACE, FORMOSAT-3/COSMIC, and the TIE-GCM is all consistent at 1.1-1.2 × 10 12 el m À3 .
There is a strong EIA interhemispheric asymmetry during high solar activity in GRACE, FORMOSAT-3/COSMIC, and TIE-GCM electron densities (Figures 3f-3h ). The observed northern hemispheric EIA crest is 10%-15% more pronounced than the southern hemispheric one. This asymmetry is even more prominent in the TIE-GCM, with~30% stronger in the northern hemisphere due to the higher solar flux input. Lin et al.'s (2005) simulations may provide a hint of the origin of the EIA interhemispheric asymmetry over the 11 year solar cycle, although their focus was on solar storm events. They studied the effects of (i) the storm E × B force and (ii) the transequatorial neutral wind associated with storm events, showing that a strong strengthening in the northern EIA crest due to the strengthened northward transequatorial wind perturbation. To demonstrate that the transequatorial neutral wind may also be a cause of the interhemispheric asymmetry on the 11 year solar cycle time scale, we show the annually averaged neutral meridional wind in Figure 4a . Although the neutral meridional wind reverses from one season to the other (Figures 4b and 4c) , the magnitudes of wind speeds are not the same. Therefore, when annually averaged, the net transequatorial flow (i.e., the meridional wind at the equator) is northward, in both the solar maximum and solar minimum runs. This northward meridional wind extends to 20°N, beyond which the southward meridional wind dominates. The net northward transequatorial wind is stronger during solar maximum, thereby strengthening the EIA interhemispheric asymmetry.
The EIA interhemispheric asymmetry in the CHAMP (Figure 3e ) appears differently from that in the GRACE and FORMOSAT-3/COSMIC observations. The CHAMP observation shows a higher electron density in the southern hemisphere during the post solar maximum period in 2003, in contrast to the other two data sets and the TIE-GCM simulation that possess an enhanced distribution in the northern hemisphere. We do not know whether this reversed asymmetry is a consequence of two different solar cycles 23 and 24, although the values of F 10.7 in the selected years (2003 and 2014) are comparable (see Table 1 ). Extended GPS radio occultation over future solar cycles would help resolve this issue.
EIA Sensitivities
The patterns described above are used to examine the changes of the EIA crests over the solar cycle. Quantities of interest here include N m F 2 , h m F 2 , and θ m F 2 at the EIA crests. Note that since the GPS RO data have been annually averaged, the seasonal variability of these quantities will not be examined here. 
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Hereafter, we define the solar cycle sensitivity of a quantity as the change of that quantity per 100 sfu change in F 10.7 . This unit (per 100F 10.7 ) has been widely used in the studies of atmospheric responses to the solar cycles (Gray et al., 2010; Li et al., 2016) , implicitly assuming that the thermospheric composition and temperature respond to the solar variability linearly (e.g., see Jones et al., 2016) . This linear sensitivity assumption simplifies the comparison of climate responses at different solar cycles, where the total change in F 10.7 over individual cycles may not be the same. The saturation of N m F 2 mentioned in section 3.2 would introduce nonlinearity in the climate response when F 10.7 exceeds 200 sfu (Balan et al., 1993) . However, during our observational periods, the annually averaged values of F 10.7 were between~40 and 140 sfu and were well below the saturation limit. Therefore, we assume that the saturation effect was not significant in the observational data presented in this work. Furthermore, as discussed in section 3.2, the saturation effect in the TIE-GCM solar (Brum et al., 2011; Liu et al., 2006) and the value of the sensitivity exhibits strong diurnal and seasonal variabilities at higher latitudes (Chen & Liu, 2010; Kalita et al., 2015) . We search for the locations of the EIA crests in the annually, zonally averaged satellite RO measurements and find the values of N m F 2 . As expected, these N m F 2 values are correlated with the annually averaged F 10.7 . In Figures 5a-5c , the filled circles are for the northern hemispheric EIA crest and the open circles are for the southern hemispheric EIA crest. The solid and dash-dotted lines are the least squares linear regression of the northern and southern hemispheric EIA crests, respectively, giving the estimates of dNmF2 dF10:7 shown in Table 2 . In summary, the satellite observations suggest a mean value of the northern hemispheric The variation of h m F 2 over the solar cycle has been well documented (see the review of, e.g., Hoque & Jakowski, 2012) . The increase of h m F 2 during solar maximum is mainly due to the increase in neutral temperature (Garriott & Rishbeth, 1963; Limberger et al., 2015; Qian et al., 2008; Zhang et al., 1999) . If the pressure coordinate is used instead of altitude, these peaks would stay close to the pressure level 5 × 10 À8 hPa during solar maximum and solar minimum (Rishbeth & Edwards, 1989) . Like N m F 2 , the solar cycle sensitivity of h m F 2 (hereafter denoted by dhmF2 dF10:7 ) varies with local time, seasons, and latitudes. Here we review some of their values derived from ground-based and ionosonde observations. At midlatitudes, Lei et al. (2005) estimated the value of dhmF2 dF10:7 to be 30-50 km/100F 10.7 based on the data over Millstone Hill, USA (43°N). Liu et al. (2006) suggested a value of 35 km/100F 10.7 based on the data over Hobart, Australia (43°S) and Kokubunji, Japan (36°N) . Similarly, a recent observation over Cyprus (35°N) revealed (Haralambous & Oikonomou, 2015) . At subtropical latitudes, observations over New Delhi (28°N) (Sethi et al., 2008) Table 2 . Although the associated uncertainty is rather large (the 2σ uncertainty of 50 km/100F 10.7 for GRACE), the GPS data consistently suggest that a mean value of dhmF2 dF10:7 is 60-70 km/100F 10.7 in both the hemispheres. The mean of the three measurements is 61.6 ± 26.1 km/100F 10.7 at the northern hemispheric EIA crest, which is higher than the value observed over Puerto Rico. The value in the northern hemisphere is slightly lower than that at the southern hemispheric EIA crest (71.0 ± 30.8 km/100F 10.7 ). This upward movement of the EIA crests is reproduced by the TIE-GCM benchmark runs (Figure 5h ). In the solar maximum run, the altitudes of the EIA crests in the northern and southern hemispheres are 390 km. In the solar minimum, the corresponding altitudes are 310 km. Thus, these benchmark runs predict dhmF2 dF10:7 to be 61.5 km/100F 10.7 in both the hemispheres, in reasonable agreement with the observed values.
We next quantify the poleward movement of the EIA crests over the solar cycle. The values of dθmF2 dF10:7 (degrees/100F 10.7 ), obtained from the linear regression analysis in Figures 5i-5k , are summarized in Table 2 ; negative values mean southward movement. Due to poor sampling, CHAMP observations of the EIA movements are subject to large uncertainties and imply no statistically significant movements of the EIA crests. In contrast, the EIA movements in the northern hemisphere derived from GRACE and FORMOSAT-3/COSMIC observations are larger and statistically robust. These two observations suggest a mean movement of the northern hemispheric EIA crest of 15.4°± 6.4°/100F 10.7 . This value can be compared directly with Kumar et al.'s (2014) Kumar et al.'s (2014) observation is 17.9°/100F 10.7 , which is about 15% larger than the mean of those from the GRACE and FORMOSAT-3/COSMIC observations. In contrast, the value of dθmF2 dF10:7 reported by Huang and Cheng (1996) is significantly smaller than the value reported here. In the southern hemisphere, only COSMIC/FORMASAT-3 observed a significant movement of the EIA crest (À8.5°± 6.7°/100F 10.7 ). GRACE observed a mean movement of À5.9°/100F 10.7 , but the uncertainty is large (À12.0°/100F 10.7 ); CHAMP was not able to see measurable movement of the southern EIA crest. Taking the mean of the GRACE and COSMIC/FORMASAT-3 observation, the observed movement of the southern hemispheric EIA crest over the solar cycle is insignificant (À7.2°± 9.7°/100F 10.7 ).
TIE-GCM qualitatively reproduces the poleward movement of the northern hemispheric EIA crest (Figure 5l ). The latitudes of the EIA crests in the solar maximum run are 16°N and 24°S and those in the solar minimum run are 11°N and 14°S. Thus, the modeled movement of the northern hemispheric EIA crest is 3.8°/100F 10.7 , which is much smaller than the observed value. The modeled movement of the southern hemispheric EIA crest is À7.7°/100F 10.7 , which is consistent with the observed mean, even though the observation is not statistically significant. Figure 6a shows the latitudinal evolution of the observed electron density at 305 km. In this figure, the three measurements (CHAMP, GRACE, FORMOSAT-3/COSMIC) have been "merged" into a single data set: on any given day, if more than one instrument provided the measurement of electron density in the regular grids we defined in section 2, then the average of these measurements was taken as the merged value. The averaging was weighted by the number of valid data points provided by the individual instrument on the grids. Note that because of the high sampling rate of FORMOSAT-3/COSMIC, the weighted average is dominated by the FORMOSAT-3/COSMIC measurements in the merged data after 2007. The figure shows that the 11 year Journal of Geophysical Research: Space Physics 10.1002/2017JA024634 solar cycle response in the ionospheric electron density is the most significant at low latitudes 40°S-40°N. The EIA crests at around ±20°lati-tude were clearly observed during the high solar activity period in 2012-2014, whereas the EIA crests were not obvious during the high solar activity period in the early 2002, primarily due to the low sampling rate of CHAMP at that time. Figure 6b shows the evolution of the vertical profiles of the observed electron density, which is a temporal expansion of Figure 1 . The electron density was averaged over 25°S-25°N. The 11 year solar cycle response of the tropical ionospheric electron density is maximized at altitudes between 250 km and 450 km. Consistent with Figure 1 , the peak of the tropical electron density is located at 290 km during the low solar activity period in 2009, and the height of the peak is~50 km lower than that during high solar activity periods (2003 and 2014) . As discussed in section 3.3, changes in the peak height are primarily due to changes in neutral temperature.
Time Evolution Over the 11 Year Solar Cycle
The 27 Day Solar Cycle Modulation: A Brief Update
Besides the 11 year solar cycle modulation, the decadal observations by CHAMP, GRACE, and FORMOSAT-3/COSMIC also reveal the secondary effect on the 27 day rotational cycle modulation in the ionospheric electron density. The recurrence tendency of EUV and geomagnetic activity by the 27 day period of the solar rotation cause electron density fluctuating at the period as well as the harmonics at lower periods (Lei et al., 2008; Pedatella et al., 2010) . Using ionosonde measurements, Ma et al. (2012) showed that the contributions of EUV and geomagnetic activity to the 27 day variations in the peak electron density are comparable in magnitude. The 27 day solar cycle modulation is also apparent in the global electron density . Liang et al. (2008) established the presence of the solar rotation-induced variability in the first 2 years of FORMOSAT-3/COSMIC data. Here we update Liang et al.'s (2008) results using the merged CHAMP, GRACE, and FORMOSAT-3/ COSMIC data set.
The 2-D structure of the 27 day rotational signal in the ionosphere is retrieved using the fast Fourier transform (FFT). A Hanning window with a band-pass domain from 25 to 35 days is applied to retain the 27 day solar signal; periods below 20 days or above 40 days are damped (Kobayashi-Kirschvink et al., 2012) . The same FFT filtering window is applied to the F 10.7 index. We compare the filtered F 10.7 index with the filtered electron density time series at 305 km averaged between 25°S and 25°N in Figure 7 . The absolute values of these FFT-filtered time series are shown. We have chosen to show the absolute values, rather than the original FFT-filtered time series because the amplitude modulation of the 27 day solar response over the 11 year solar cycle can be more clearly shown when a 1 year running average is applied (black solid lines). Both filtered time series show stronger 27 day signals in 2002-2005 and 2012-2014 during high solar activity periods. The 27 day signal in the electron density generally follows that of F 10.7 in both amplitude and phase, except when the Sun occasionally exhibited strong solar flares, such as those in late 2003 (Tsurutani et al., 2005; Woods et al., 2004) .
The latitudinal evolution of the 27 day solar cycle signal is shown in Figure 8a . The pattern is similar to that of the 11 year solar cycle signal in : when the solar cycle is at maximum, the 27 day solar cycle modulation on the ionospheric electron density is also strong because of the inhomogeneous distribution of sunspots on an active Sun's surface that results in a 27 day oscillation in the intensity of the EUV flux. Furthermore, the amplitude of the 27 day response changes with the phase of the 11 year solar cycle.
The vertical evolution of the 27 day solar cycle signal is shown in Figure 8b . Due to missing data, there is no useful signal above 305 km before 2006 (CHAMP period). The pattern is similar to that in Figure 6b except the peak response to the 27 day solar cycle is located at an altitude~50 km higher than that of the 11 year solar cycle. During the high solar activity period (2012) (2013) (2014) , the response to the 27 day solar cycle forcing is most significant between 350 km and 450 km. The limited data obtained by CHAMP between 300 and 350 km during 2002-2006 also supports this finding. To our knowledge, this vertical difference of the 11 year and 27 day solar responses in the ionospheric electron density has not been reported previously. It would be interesting to test whether this vertical difference is related to the different 11 year and 27 day solar responses reported by Chen et al. (2015) in the future.
Summary
While most of previous studies focused on local changes observed at ground stations, we have examined the annually and zonally averaged latitudinal-vertical structure of the 11 year solar cycle response in ionospheric electron density using the GPS satellite RO measurements. We have also reexamined the EIA changes associated with the solar cycle that were previously reported from ground observations. Our main findings are summarized below.
1. The zonally averaged tropical electron density near 300 km during high solar activity periods (January-December 2003 and April 2014 -March 2015 was 3 times greater than that in 2009 during solar minimum. 2. The EIA in the northern hemisphere during high solar activity periods was more prominent than that in the southern hemisphere. Based on Lin et al.'s (2005) simulation, this interhemispheric asymmetry is due to enhanced neutral equatorial wind during high solar activity periods. 3. The observed climatological values of the sensitivities of the EIA peak density, peak altitude, and peak latitude are 0.9 ± 0.2 × 10 12 el m À3 /100F 10.7 , 61.6 ± 26.1 km/100F 10.7 , and 15.4 ± 6.4°/100F 10.7 , respectively, in the northern hemisphere and are 0.8 ± 0.2 × 10 12 el m À3 /100F 10.7 , 71.0 ± 30.8 km/100F 10.7 , and À7.2 ± 9.7°/100F 10.7 in the southern hemisphere.
In addition, we studied the 27 day solar cycle modulation on the zonally averaged, daily ionospheric electron density profiles. While the amplitude of the 27 day solar variation in the electron density positively correlates with the phase of the 11 year solar cycle, we found that the peak altitude of the 27 day solar cycle response is always located above the electron density peak, regardless of the phase of the solar cycle. During the high solar activity period in 2014, the response of the 27 day signal peaked at~50 km higher in altitude than that of the 11 year solar response.
These observed vertical changes with the solar cycle phase in the ionospheric electron density had not been studied and modeled thoroughly and are potentially valuable for evaluating the performance of current ionosphere models for further elucidating the effects of solar variability on space weather. Extended GPS radio occultation over future solar cycles is critical to resolve the discrepancies between the model predictions and the observations reported and discussed in this work. 
